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In brief

Tozzi et al. demonstrate that the lateral
entorhinal cortex (LEC) activation is
crucial for episodic-like memory in mice.
In particular, neuronal ensembles within
the LEC allow the encoding and recall of
object/place/context associations. The
study emphasizes the role of this area in
the broader network of episodic memory.
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SUMMARY

Episodic memory relies on the entorhinal cortex (EC), a crucial hub connecting the hippocampus and sensory
processing regions. This study investigates the role of the lateral EC (LEC) in episodic-like memory in mice.
Here, we employ the object-place-context-recognition task (OPCRT), a behavioral test used to study
episodic-like memory in rodents. Electrophysiology in brain slices reveals that OPCRT specifically induces
a shift in the threshold for the induction of synaptic plasticity in LEC superficial layer Il. Additionally, a dual
viral system is used to express chemogenetic receptors coupled to the c-Fos promoter in neurons recruited
during the learning. We demonstrate that the inhibition of LEC neurons impairs the performance of the mice in
the memory task, while their stimulation significantly facilitates memory recall. Our findings provide evidence
for an episodic-like memory engram in the LEC and emphasize its role in memory processing within the

broader network of episodic memory.

INTRODUCTION

Episodic memory constitutes a crucial facet of long-term mem-
ory, facilitating individuals in the retrieval of personal experi-
ences from their past. Investigating episodic memory in non-
human animals, however, presents a significant challenge,
especially in the absence of linguistic cues for conscious expe-
riences.' To address this issue, Eacott and colleagues®™ devel-
oped a modified version of the spontaneous recognition para-
digm known as the novel object-place-context recognition
test (OPCRT) to evaluate animals’ capability to recall the details
of a past experience, including what happened, where it
occurred, and under what circumstances. Notably, this behav-
ioral assessment did not necessitate prior training, mirroring the
nature of episodic memories as singular, one-time experiences.
This paradigm uncovered the entorhinal cortex (EC) role in pro-
cessing episodic-like memories in rodents.>® Indeed, in both
humans and non-human animals, episodic memory formation
engages interconnected brain regions, in particular the hippo-
campus and parahippocampal areas,””'' and this anatomical
and functional organization is highly conserved across
mammalian species.'® Recent research has provided insights
into the specific involvement of the lateral entorhinal cortex
(LEC) in encoding contextual information, which is essential
for episodic memory. Numerous studies have demonstrated

that the LEC performs associative learning upstream of the hip-
pocampus, thereby providing a spatial framework for the crea-
tion of episodic memories.'®™'” Moreover, the LEC has been
shown to play a fundamental role in encoding associations be-
tween objects, places, and contexts. Notably, Wilson et al.'®
demonstrated that the LEC is necessary for recognizing objects
within a specific context, highlighting its involvement in object-
context associations. The discovery of object trace cells in the
rat EC by Tsao et al.'® strengthened the hypothesis that the
episodic memory system may operate similarly in animals
and humans.?® In addition, it has been demonstrated that le-
sions in the LEC impair odor-context associative memory in ro-
dents, indicating that the EC, and in particular its lateral subdi-
vision, plays a role in associative properties that extend beyond
objects, places, and contexts, encompassing various features
that constitute episodic memories.”’ Indeed, LEC neurons
have been shown to possess the intrinsic ability to modulate
their firing rates in a ramp-like fashion from the beginning of
an event, enabling the encoding of the temporal context within
an experience.”” ¢

Recently, the ability to target and study in vivo engram cells
has allowed researchers to investigate the nature of the
"enduring changes" induced by the memory process.
Regarding contextual fear conditioning, studies have shown
that the spines of CA1 engram cells receiving input from CA3
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engram cells increase in number and size, as demonstrated by
Choi et al.*” This enhanced connectivity between engram cells
occludes long-term potentiation (LTP), confirming that a previ-
ous LTP-like phenomenon occurs during learning. Furthermore,
there is growing evidence that engrams supporting specific
episodic memories are widely distributed throughout the
brain.?® Nonetheless, concrete evidence supporting the partic-
ipation of the LEC in the recall of episodic-like memory remains
elusive. To address this question, we employed the protein en-
coded by the immediate-early gene (IEG) c-Fos as a marker of
neuronal activity and observed its level in the EC after
executing the OPCRT. Furthermore, we investigated whether
changes in synaptic plasticity were specifically occurring in
the LEC circuitry. Then, in order to trace and manipulate LEC
neurons, we used a dual virus system, as previously estab-
lished,?® founded on the targeted recombination in active pop-
ulations (TRAP) technology.®° This allowed us to examine
whether the activation of the LEC neuronal population involved
during the learning phase of the paradigm was essential and
adequate to demonstrate episodic-like OPCRT memory recall,
thus indicating the existence of a memory engram within
the LEC.

2 Cell Reports 43, 114795, October 22, 2024

Cell Reports

Figure 1. c-Fos cell density is increased in
the LEC following OPCRT and context explo-
ration

(A) Schematic representation of context exposure
without objects (CNTX group), without novelty
(exploration of two identical objects, OCT) and the
OPCRT test, with animal perfusion that was per-
formed 2 h after the behavioral task.

(B) Representative images displaying c-Fos
expression (green) in the medial and LEC across
various experimental groups.

(C) The discrimination index (D) of mice subjected
to OPCRT was significantly higher than chance
(0.25 + 0.06, n = 8, ##p = 0.0062, df = 7, t = 3.87,
one-sample t test; p < 0.01), but no significant dif-
ference from chance level was observed for the
OCT group (0.02 + 0.03, n = 6, p = 0.46, df = 5,
t = 0.80, one-sample t test). A significant difference
was observed between the OCT and OPCRT group
(0.02£0.03,n=60CT vs. 0.25 £ 0.06, n =8 OPCRT,
df = 12,1t =2.85, *p = 0.015 unpaired t test).

(D) A significant difference in c-Fos+ cell density
was observed in the LEC (LEC) (two-way ANOVA
with Tukey’s multiple comparisons test: CTRL 1 +
0.13n=8vs. OPCRT 1.99 + 0.22n =8, *p =0.0127;
CTRLvs.CNTX 1.87 £0.22n =8, *p =0.0152; CTRL
vs. OCT 1.97 + 0.25 n = 6, *p = 0.0155). No signifi-
cant difference was observed in the MEC (CTRL 1 +
0.16 n = 8 mice vs. OPCRT 1.66 + 0.23 n = 8 mice,
p = 0.095; CTRL vs. CNTX 1.63 + 0.2 n = 8 mice,
p = 0.119; CTRL vs. OCT 1.62 = 0.21, p = 0.177)
and in the primary visual cortex (V1) (two-way
ANOVA with Tukey’s multiple comparisons test:
CTRL 1 + 0.24 n = 8 mice vs. OPCRT 0.985 + 0.17
n=28mice,p=0.99; CTRLvs.OCT1.27 +0.15n=6
mice, p = 0.80; CTRL vs. CNTX 1.28 + 0.21
n = 8 mice, p = 0.73). Values expressed as
c-Fos+ cells/mm? relative to CTRL. Data are re-
ported as mean + SEM. Scale bar in (B), 20 pm.

RESULTS

c-Fos-positive cell density is increased in the EC
following OPCRT and context/object exploration

To investigate whether the processing of an episodic-like mem-
ory engages the EC and triggers the expression of plasticity-
related genes, the number of cells that are positive for the IEG-
encoded c-Fos protein was assessed 2 h after the execution of
the behavioral task (Figure 1A).

The results showed that the mice in the OPCRT group ex-
hibited a significant preference for the novel object-place-
context configuration compared to the familiar one, indicating
the presence of episodic-like memory (Figure 1C). A significant
preference for one object was not observed in the behavioral
control that excluded the novelty, in which mice were subjected
to the two copies of the object across two contexts (as in the test
trial) and then tested on context A (OCT group; Figures 1A
and 1C). The processing of the OPCRT memory was associated
with a significant increase in c-Fos-positive cell density in the
LEC subdivision compared to control (CTRL) mice (Figures 1B
and D), suggesting that this region was strongly recruited during
the task. A similar increase was observed in the LEC of OCT mice
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Figure 2. Time course of object-place-context recognition memory

(A) Schematic representation of the delayed OPCRT test, with the test trial conducted at different time intervals (1, 6, 12, or 24 h) following the sample trial

presentation.

(B) The Dls for the novel OPC association exhibits a significant decline with increasing time intervals from the sample trials presentation (p = 0.037, Kruskal-Wallis
test). Mice were able to recall the previously acquired episodic-like memory at either 1 h (0.28 + 0.11,n =6, p = 0.049, df =5, t=2.58), 6 h (0.19 + 0.04, n = 6,
p =0.0053,df =5,t=4.71) ,or 12 (0.17 £ 0.06, n = 6, p = 0.03, df = 5, t = 3.06; one-sample t test), while no memory was observed at 24 h (—0.018 + 0.06, n = 6,

p =0.77, df = 5, t = 0.31, one-sample t test).

(C) No significant difference in the total distance traveled during the open field test was observed between experimental groups (n =6, p = 0.97, F = 0.06, one-way

ANOVA).

(D) The animal velocity during the open field test did not differ significantly among groups (n = 6, p = 0.92, F = 0.16 one-way ANOVA).
(E) The time spent in the center of the arena by the animals was similar among the different experimental groups (n = 6, p = 0.92, f = 0.17, one-way ANOVA).
(F) The animals spent a comparable amount of time in the arena’s periphery (1 =6, p = 0.92, f=0.17, one-way ANOVA). *p < 0.05, **p < 0.01. Data are reported as

mean + SEM.

(Figures 1B and 1D). However, c-Fos staining increased signifi-
cantly also in the context (CNTX) group, indicating that the pres-
ence of objects is not necessary to engage this circuitry
(Figures 1B and 1D).

Interestingly, no significant increase in c-Fos-positive cell den-
sity was observed in the same conditions either in the medial en-
torhinal cortex (MEC) or in another cortical area, the primary vi-
sual cortex (V1) (Figure 1D). Nevertheless, it is worth noting
that, while no specific trend was observed in V1, the MEC dis-
played a tendency toward increased c-Fos levels in the CNTX,
OCT, and OPCRT groups, indicating that this region might be
slightly affected by episodic-like memory processing as well.

In order to investigate whether episodic-like memory could
affect not only the number of c-Fos-positive cells but also the
relative amount of c-Fos protein produced by individual EC cells,
the mean fluorescence intensity of single cells per animal was
examined in the same experimental groups. However, no signif-
icant difference in c-Fos fluorescence intensity was found in the
areas of interest (Figure S1). These results suggest that the
recruitment of a large group of LEC neurons, as assessed by

c-Fos staining, is induced by the processing of episodic-like
memory, but this phenomenon does not lead to changes in the
amount of c-Fos protein produced by each individual cell. To
verify whether the observed effects were not due to behavioral
differences in exploratory behavior between the OPCRT, OCT,
and CNTX groups, an open field test was performed before the
experiments and the time spent in the center vs. periphery of
the arena, the average velocity, and the traveled distance were
analyzed (Figure S1). Moreover, exploratory behavior during
the test trial did not significantly change between groups
(Figure S1).

Time course of object-place-context recognition
memory

In order to characterize the time course of object-place-context
recognition memory, a delayed OPCRT was performed during
which the test trial presentation was delayed by 1, 6, 12, or
24 h after the sample trials (Figure 2A). Different groups of ani-
mals were utilized at each time point to prevent potential effects
on memory recall from repeatedly administering test trials to the
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same animal. By analyzing changes in the discrimination index
over these time points, the temporal expression of episodic-
like memory could be estimated, allowing for the identification
of the time window during which the memory was behaviorally
expressed. Results showed a significant preference for the novel
object-place-context (OPC) association within the first 12 h
following the sample trials, indicating effective recall of the pre-
viously acquired memory. However, after 24 h, novelty discrim-
ination significantly declined (Figure 2B).

It is worth noting that the observed differences in memory
expression were not attributed to differences in anxiety levels
or exploratory behavior as there was no significant difference
in the traveled distance (Figure 2C), the average velocity (Fig-
ure 2D), and the time spent in the center/periphery of the arena
(Figures 2E and 2F) among the groups.

OPCRT induces changes in LTP and LTD expression in
the LEC intrinsic circuitry

Memory acquisition has been shown to trigger persistent
changes in synaptic efficacy, indicating the involvement of syn-
aptic plasticity in memory storage.®' To investigate whether pro-
cessing of episodic-like memory can affect synaptic plasticity in
the LEC, field excitatory postsynaptic potentials (fEPSPs) were
recorded in EC slices obtained from mice subjected to OPCRT
and sacrificed 12 h later. Specifically, it was assessed whether
any alterations in long-lasting forms of plasticity, such as LTP
and long-term depression (LTD), were present at a time point
when memory was still behaviorally expressed, thus exploring
the possible association between long-lasting plasticity and
memory expression (Figure 3A).

Indeed, a significant leftward shift in the input/output (1/0O)
curve was observed in the LEC in the OPCRT group compared
to the CNTX and CTRL groups, which could reflect an increased
excitatory transmission in the horizontal connections of the LEC
following memory acquisition (Figure 3B). When high-frequency
stimulation (HFS) was applied to LEC superficial layer, a signifi-
cant reduction in LTP was observed in slices from OPCRT
mice compared to CNTX or CTRL groups, suggesting that the
processing of an episodic memory had already potentiated syn-
aptic transmission in the LEC superficial layers (Figure 3C). This
effect was OPCRT specific since context exploration was not
sufficient to induce such changes in synaptic efficacy. Moreover,
slices from OPCRT mice showed enhanced low-frequency stim-
ulation (LFS)-induced LTD compared to CNTX and CTRL groups
(Figure 3D), confirming that the processing of a new episodic-like
memory might specifically induce a shift in the threshold for the
induction of synaptic plasticity moving synaptic efficacy toward
higher values.

It is worth noting that no significant changes either in HFS- or
LFS-induced synaptic plasticity were observed in the superficial
layers of the MEC 12 h following the execution of the task, sug-
gesting that OPCRT did not affect synaptic plasticity in MEC cir-
cuitry or that the changes were not detectable as assessed by
fEPSP recordings (Figures 3E and 3F).

Long-term plasticity is considered the basis of learning and
memory and represents a physiological phenomenon enabling
the storage of information for long periods of time. We hypothe-
sized that, if the plasticity effects observed following OPCRT
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played a role in retaining information about a previous episode,
they should return to baseline when the memory was not behav-
iorally expressed anymore. To test this, the electrophysiological
experiments were repeated 48 h following the execution of the
task (Figure S2). At this time point, LEC slices showed normal
synaptic transmission when compared to controls. Indeed, the
HFS-induced LTP and LFS-induced LTD in LECs slices at 48 h
were comparable to that of CTRL, indicating that the episodic-
like memory-induced changes in LEC synaptic transmission
were indeed reversible.

The detection and the time course of specific synaptic plas-
ticity changes in the LEC prompted us to further investigate
the existence of an OPCRT memory trace in this area.

The activation of LEC learning-tagged neurons is
necessary for episodic-like but not for non-associative
memory recall
Based on previous results, it could be hypothesized that the LEC
neurons may retain information from past experiences, which
could be accessed during memory recall. To validate this hy-
pothesis, a double virus system, previously developed,?® was
used, based on the TRAP technology.*® This method allowed
us to target the LEC neurons recruited during the learning phase
of the paradigm and manipulate their activity during memory
recall. Specifically, an adeno-associated virus (AAV) coding for
the inducible Cre recombinase under the control of the c-Fos
promoter (AAV-Fos::CreERT2) and Cre-dependent AAV contain-
ing the coding sequence of the inhibitory chemogenetic receptor
hM4Di in an inverse open reading frame flanked by Cre recogni-
tion sites were injected bilaterally in the LEC of 2-month old
C57BL6 mice. Then, by administering 4-hydroxytamoxifen
(40H-TAM intraperitoneally [i.p.]) 4 h before the presentation of
the OPCRT sampile trials, the expression of the chemogenetic re-
ceptor was induced in the learning-tagged neurons specifically
in the LEC (Figure 4A). A control group receiving a Cre-depen-
dent mCherry reporter without hM4Di was included for compar-
ison (MCherry mice; Figures 4C and 4E-4G). Initially, the ability of
40H-TAM administration to induce the expression of the chemo-
genetic receptor was verified by analyzing the density of
mCherry-positive cells after the OPCRT in mice that were in-
jected with 40H-TAM compared to those injected with the
vehicle. Results indicated that mice that received a Cre-depen-
dent mCherry reporter with hM4Di and injected with 40H-TAM
showed a significantly higher number of mCherry-positive cells
16 h post treatment compared to those that were injected with
the same viral system but received the vehicle (Figures 4B and
4D). Indeed, whole-cell patch-clamp recordings of superficial
layer neurons in LEC slices from mice that received a Cre-depen-
dent mCherry reporter without hM4Di revealed that OPCRT
significantly increased spontaneous excitatory postsynaptic
currents (EPSCs) in learning-tagged neurons (mCherry positive)
but not in neurons that do not express the fluorescent reporter
(mCherry negative; see Figure S3). This is in agreement with
the LTP results of Figure 3 and confirms an increase in the syn-
aptic strength that is specifically associated with the behav-
ioral task.

Next, it was investigated whether the activation of learning-
tagged LEC neurons was crucial for achieving a successful
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Figure 3. OPCRT-induced long-term changes in LEC synaptic plasticity

(A) Timeline of the experimental design and plane of EC slice sectioning.

(B) The input/output (I/0) relationship in slices obtained from OPCRT mice was significantly rightward shifted compared to slices obtained from either CNTX or
CTRL mice (p(group effect) = 0.037, df = 2, F = 3.62 two-way ANOVA RM).

(C) (Left) Time course of field excitatory postsynaptic potentials (FEPSPs) during the LTP protocol. (Right) The average fEPSPs on the last 10 min of recordings.
Slices obtained from either CNTX or CTRL mice showed high-frequency stimulation (HFS)-induced long-term potentiation (LTP) 12 h after the execution of the
behavioral tasks (p(interaction) = 0.007, p(time) = 0.001, p(group) = 0.0066 two-way ANOVA RM; 129% = 11% of baseline, n = 7 slices [four mice], p = 0.005 vs.
baseline for CNTX; 123% + 7% of baseline, n = 12 slices [five mice], p = 0.0043 vs. baseline for CTRL, Sidak’s multiple comparisons test), while no significant LTP
was observed in OPCRT slices (95% + 4% of baseline, n = 10 slices [five mice], p = 0.89, two-way ANOVA RM and Sidak’s multiple comparisons test). OPCRT
slices were significantly different when compared to CTRL (95% + 4% of baseline, n = 10 slices [five mice] OPCRT vs. 123% + 7% of baseline, n = 12 slices [five
mice] CTRL, p = 0.0005) or CNTX slices (95% + 4% of baseline, n = 10 slices [five mice] OPCRT vs. 129% + 11% of baseline, n = 7 slices [four mice] CNTX, p =
0.0002, two-way ANOVA RM and Sidak’s multiple comparisons test).

(D) Same as in (C) but for the LTD protocol. Significant levels of low-frequency stimulation (LFS)-induced LTD were observed in all the groups in the LEC 12 h after
the execution of the behavioral tasks (73% + 4% of baseline, n = 7 slices [four mice], p = 0.0007 vs. baseline for CTRL; 77% + 5% of baseline, n = 6 slices [three
mice], p = 0.0063 vs. baseline for CNTX; 43% + 8% of baseline, n = 7 slices [four mice], p < 0.0001 vs. baseline for OPCRT; two-way ANOVA RM and Sidak’s
multiple comparisons test). However, in OPCRT slices, LTD in the LEC was significantly enhanced compared either to CTRL (43% + 8% of baseline, n = 7 slices
[four mice] OPCRT vs. 73% + 4% of baseline, n = 7 slices [four mice] CTRL, p < 0.001) or CNTX (43% + 8% of baseline, n = 7 slices [four mice] OPCRT vs. 77% =+
5% of baseline, n = 6 slices [three mice] CNTX, p < 0.001, two-way ANOVA RM and Sidak’s multiple comparisons test).

(E) Same as in (C) but for the medial EC (MEC). In the MEC, a significant LTP was observed in all the groups following HFS (118% + 5% of baseline, n = 8 slices [four
mice), p = 0.034 vs. baseline for CTRL; 124% + 8% of baseline, n = 5 slices [three mice], p = 0.026 vs. baseline for CNTX; 130% + 11% of baseline, n = 5 slices
[three mice], p = 0.0057 vs. baseline for OPCRT; two-way ANOVA RM and Sidak’s multiple comparisons tests), with no significant difference between the
experimental groups observed 12 h following the execution of the behavioral tasks in the superficial layers (p(group effect) = 0.52, df = 2, F = 0.69, two-way
ANOVA RM).

(F) Same as in (E) but for the LTD protocol. A significant LTD was observed in the MEC in all the groups following LFS (72% + 5% of baseline, n = 6 slices [three
mice], p = 0.0002 vs. baseline for CTRL; 71% + 6% of baseline, n = 6 slices [three mice], p = 0.0001 vs. baseline for CNTX; 80% + 4% of baseline, n = 6 slices [three
mice], p = 0.004 vs. baseline for OPCRT). However, no significant difference between groups was observed (p(group effect) = 0.39, df = 2, F = 0.99 two-way
ANOVA RM). **p < 0.001. The inserts show the positioning of the stimulating electrode (s) and recording pipette (r). DG, dentate gyrus. Data are reported as
mean + SEM.
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Figure 4. Chemogenetic inhibition of LEC learning-tagged neurons

(A) Experimental timeline showing the injection of two AAVS5 viral constructs, cFos::CreERT2 and hSyn::DIO::hM4Di-mCherry, at p60 and the OPCRT memory
paradigm at p81. Four hours before the execution of the sample trials, mice received an i.p. injection of 4OH-TAM (25 mg/kg) to induce the recombination and
expression of the inhibitory chemogenetic receptor; 30 min before the execution of the test trial, they received an i.p. injection of CNO to induce the activation of
the hM4Di receptor.

(B) Representative images showing the expression of hM4Di-mCherry either in mice injected with the vehicle or mice injected with 4OH-TAM at the following
coordinates: ML = —3.9, AP = —3, and DV = 4.5 from Bregma.

(C) Examples of heatmaps and tracking plots of the exploratory activity of mice (position of the nose) during the test trial of the OPCRT paradigm.

(D) The density of hM4Di-expressing neurons was significantly higher in mice injected with 4OH-TAM compared to mice injected with the vehicle
(95.15+9 cells/mm?, n = 5 40H-TAM vs. 30.16 =+ 8 cells/mm? vehicle, p =0.0008, df = 5, t = 5.2, two-tailed unpaired t test).

(E) The DIs of mCherry mice 12 h following the presentation of the sample trials was significantly higher than chance (0.22 + 0.07,n =12, p =0.0087, df = 11,t=3,
one-sample t test). In contrast, the DI of hM4Di mice did not differ from chance levels (—0.04 + 0.06, n = 7, p = 0.50). Moreover, the two groups were significantly
different from each other (mCherry 12 h vs. hM4Di, p = 0.02, df = 17, t = 2.6, two-tailed unpaired t test).

(F) No significant difference in the distance traveled during the test trial between groups (1,761 £ 106 cm, n =12 mCherry vs. 2,079 + 199 cm, n =7 hM4Di,p = 0.14,
df =17, t = 1.58, two-tailed unpaired t test).

(G) No significant difference in average velocity between groups during the test trial (6.26 + 0.34 cm/s, n = 12 mCherry vs. 5.1 + 0.56 cm/s, n = 8 hM4Di, p = 0.08,
two-tailed unpaired t test). **p < 0.01, **p < 0.001. Scale bar in (B), 20 um. Data are reported as mean + SEM.

memory recall. Notably, pharmacological inhibition of LEC neu-
rons by clozapine-N-oxide (CNO) administration significantly
impaired the ability to discriminate novel OPC associations in
the hM4Di-expressing group 12 h after the sample trials,
whereas CNO had no effect in mice expressing the mCherry re-
porter alone (mCherry group), which displayed normal episodic-
like memory (Figures 4E and 4C).

To exclude the possibility that the observed behavioral effect
was caused by differences in exploratory activity or anxiety
levels, the average velocity and total distance traveled during
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the test trial were measured either in hM4Di and mCherry
mice, but no significant differences were found (Figures 4C,
4F, and 4G). As an additional control, an open field test was per-
formed immediately before the execution of the OPCRT and
demonstrated that both groups had comparable exploratory ac-
tivity (Figure S4), supporting the hypothesis that the disruption in
memory recall was the result of the inhibition of a specific
neuronal ensemble in the LEC. In order to determine whether
the impairment of episodic-like memory recall caused by the in-
hibition of LEC neurons was due to impaired detection of novelty
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Figure 5. Inhibition of LEC learning-tagged neurons does not affect non-associative memory recall

(A) Experimental timeline showing the injection of two AAV5 viral constructs, cFos::CreERT2 and hSyn::DIO::hMDDi-mCherry, at p60 and the novel location test
(NLT) memory paradigm at p81. Four hours before the execution of the sample trials, mice received an i.p. injection of 4OH-TAM to induce the recombination and
expression of the inhibitory chemogenetic receptor; 30 min before the execution of the test trial, they received an i.p. injection of CNO to induce the activation of
the hM4Di receptor.

(B) Representative image showing the expression of hM4Di-mCherry in the LEC of mice after 4OH-TAM administration at the following coordinates: ML = —3.9,
AP = —3, and DV = 4.5 from Bregma.

(C) Mice in the mCherry (0.27 + 0.07, n = 6 vs. chance level, p = 0.01, df = 5, t = 4.06 one-sample t test) and hM4Di (0.35 + 0.06, n = 6 vs. chance level, p = 0.003,
df =5, t = 5.48 one-sample t test) showed significant memory for the familiar location. No difference was observed between the two experimental groups (two-
tailed unpaired t test).

(D) In the LEC, no difference was observed in the number of learning-tagged neurons (mCherry+) between mice that performed the OPCRT and those that were
tested in the NLT (262 + 36 mCherry+/mm?, n = 7 vs. 234 + 26 c-Fos + mCherry+/mm?, n = 6, p = 0.45, df = 11, t = 0.77 two-tailed unpaired t test).

(E) Mice in the mCherry and hM4Di groups did not differ in the distance traveled during the test trial (1,705 + 131 cm, n = 6 mCherry vs. 1,523 £+ 102 cm, n =6
hM4Di, p = 0.30, df = 10, t = 1.093, two-tailed unpaired t test).

(F) No difference in the animal velocity during the test trial (4.27 + 0.45 cm/s, n = 6 mCherry vs. 4.11 + 0.54 cm/s, n = 6 hM4Di, p = 0.83, df = 10, t = 0.23, two-tailed
unpaired t test).

(G) Mice showed similar distance traveled during the open field test (2,114 + 174 cm, n = 6 mCherry vs. 2,029 + 1,103 cm, n = 6 hM4Di, p = 0.69, df = 10, t = 0.41,
two-tailed unpaired t test).

(H) No difference was observed in the animal velocity during the open field test (6.56 + 0.59 cm/s, n = 6 mCherry vs. 6.43 + 0.41 cm/s, n = 6 hM4Di, p = 0.86,
df =10, t = 0.18, two-tailed unpaired t test).

(I) Mice showed no significant difference in the time spent in the center of the arena during the open field test (103.3 + 20.7 s,n =6 mCherry vs. 111.9+ 16.8s,n=6
hM4Di, p = 0.75, df =10, t = 0.32, two-tailed unpaired t test). In the plots each symbol identifies an individual animal. Scale bar in (B), 50 um. Data are reported as
mean + SEM.

in individual components of the task, a follow-up experiment was
conducted using a non-associative task called the novel location

OPCRT(Figure 5D). The exploratory behavior during the test trial
was similar between the experimental groups (Figures 5E and

test (NLT; Figures 5A and 5B). This task did not require the
learning of an association between stimuli, but, rather, the nov-
elty was represented by a different location within a familiar
context. As reported in Figure 5, chemogenetic inhibition of
learning-tagged LEC neurons did not affect the ability to recog-
nize the novel location compared to the familiar one. A control
group receiving a Cre-dependent mCherry reporter without
hM4Di was included for comparison (mCherry mice;
Figures 5C and 5E-5I), but no significant difference was
observed after CNO administration between the hM4Di and
mCherry groups (Figure 5C) and in the LEC the number of NLT
learning-tagged cells was comparable to that induced by the

5F) and mice did not show any behavioral impairment in an
open field test (Figures 5G, 5H, and 5I), indicating that the
observed differences in episodic-like memory recall were not
due to different exploration of the environment or increased
anxiety.

Together, these results suggest that the activation of learning-
tagged LEC neurons is specifically required for the recall of
associative episodic-like memory and not for non-associative
behavioral tasks, indeed not affecting the ability of the mice to
discriminate novelty or remember the individual non-associative
components of the behavior, such as the memory for spatial
location.
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Figure 6. The activation of LEC neurons facilitates episodic-like memory recall

(A) Experimental timeline showing the injection of two AAV5 viral constructs, cFos::CreERT2 and hSyn::DIO::hMDDi-mCherry, at p60 and the OPCRT memory
paradigm at p81. Four hours before the execution of the sample trials, mice received an i.p. injection of 4OH-TAM to induce the recombination and expression of
the inhibitory chemogenetic receptor; 30 min before the execution of the test trial, they received an i.p. injection of CNO to induce the activation of the hM3Dq
receptor.

(B) The overlap of mCherry- and c-Fos-expressing neurons over chance levels was significantly higher in the hM3Dq group compared to the mCherry one (31.98 +
4.8 c-Fos+ mCherry+/chance levels, n = 6 mCherry vs. 105.7 + 5.8 c-Fos + mCherry+/chance levels, n =6 hM3Dq, p < 0.001, df = 10, t = 9.9 two-tailed unpaired t
test). Representative image acquired at the following coordinates: ML = —3.9, AP = —3, and DV = 4.5 from Bregma.

(C) The figures present heatmaps and tracking plots that depict the exploratory activity of mice during the test trial of the OPCRT paradigm. The tracking plots
illustrate the trajectory of the mouse’s nose.

(D) Mice expressing the control reporter mCherry did not remember the previously acquired OPC association 48 h following learning (—0.003 + 0.05, n = 9 vs.
chance level, p = 0.95, df = 8, t = 0.06), while hAM3Dq mice showed a strong preference for the novel association (0.27 + 0.07,n =7 vs. chance level,p = 0.01, df =6,
t=238.7, one-sample t test). Indeed, the DI of mCherry mice was significantly lower than the DI of hM3Dq animals (—0.003 + 0.05, n =9 mCherry vs. 0.27 + 0.07,n =
7, p =0.008, df = 14, t = 3.1, two-tailed unpaired t test).

(E) The total distance traveled during the test trial was not different between the mCherry and hM3Dq groups (1,866 + 232.1 cm, n = 9 mCherry vs. 2,054 +
169.2 cm, n =7 hM3Dq, p = 0.54, df = 14, t = 0.62, two-tailed unpaired t test).

(F) The average velocity was comparable among groups (4.32 + 0.32 cm/s, n =9 mCherry vs. 5.33 £ 0.68 cm/s, n =7 hM3Dq, p = 0.17, df = 14, t = 1.5, two-tailed

unpaired t test). *“p < 0.01, ***p < 0.001. Scale bar in (B), 20 pm. Data are reported as mean + SEM.

The activation of LEC learning-tagged neurons
facilitates episodic-like memory recall

To investigate whether activation of the LEC learning-tagged
neurons was also sufficient to facilitate memory recall, chemo-
genetic stimulation of these neurons was conducted using the
expression of excitatory chemogenetic receptor hM3Dg.

Prior to sample trials, mice were injected with 4OH-TAM to tag
the LEC neurons expressing c-Fos during learning, which were
then artificially reactivated 48 h later during the test trial by the
administration of CNO (Figure 6A). To verify the efficacy of
hM3Dqg receptors in activating LEC neurons, we conducted
immunofluorescence against c-Fos at 2 h following the manipu-
lation of neurons on a subset of experimental animals. The re-
sults showed a significant increase in the overlap of mCherry+/
c-Fos+ cells in hM3Dg-expressing mice compared to mice ex-
pressing mCherry alone, indicating efficient activation of LEC-
tagged neurons (Figure 6B). In the mCherry control group, the
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overlap was also higher than chance, which implies that even
in the absence of chemogenetic manipulation, a subset of the
original neuronal ensemble was still reactivated when the animal
re-encountered the familiar object/place/context association.
At the behavioral level, control mice injected with mCherry re-
porter alone did not exhibit episodic-like memory 48 h after the
execution of sample trials, in agreement with the physiological
memory time course reported in Figure 2. However, at this
time point and after CNO administration, hM3Dg-expressing
mice showed a significant preference for the novel OPC associ-
ation (Figures 6C and 6D) with respect to mice expressing
mCherry alone. The differences observed in control mice were
not due to a different exploratory behavior as mCherry and
hM3Dg mice showed comparable velocity and traveled distance
during the test trial (Figures 6C, 6E, and 6F). No changes in open
field behavior were also observed (Figure S5). These data indi-
cate that the stimulation of LEC learning-tagged neurons alone
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(D) A significant correlation was observed between the percentage of c-Fos/mCherry overlap and the Dls (Pearson correlation, p = 0.008, correlation coefficient =

0.73). Data are reported as mean + SEM.

is not only necessary but also sufficient to facilitate memory
recall, thus strengthening the hypothesis that key information
about previous episodes might be retained in LEC neuronal en-
sembles and that their reactivation might be necessary to access
the stored information.

LEC learning-tagged neurons are reactivated by natural
recall cues

If the activation of a specific neuronal ensemble is necessary and
sufficient for memory recall, as for the definition of a neuronal
engram, the same neuronal ensemble should be more likely to
be reactivated when the animal expresses the memory behavior-
ally compared to those situations where the animal fails to
retrieve the previous experience. To confirm this hypothesis for
LEC neurons, we measured the overlap between mCherry and
c-Fos expression in control mice injected with Cre-dependent
mCherry reporter and subjected to memory recall either 12 h
(mCherry 12-h group) or 48 h (mCherry 48-h group) after the
sample trials presentation (Figure 7A). As expected, we found
that mCherry mice significantly discriminated between the new
and the familiar OPC associations at 12 h, while failing to do so
at 48 h (Figure 7B).

The immunofluorescence analysis revealed that the overlap
between mCherry and c-Fos was significantly higher in the
mCherry group at 12 h compared to the mCherry at 48 h
and significantly correlated with the discrimination index (Dl),
supporting the hypothesis that the reactivation of LEC neurons
induced by natural recall cues may represent the physiological
process through which successful recall is achieved (Figures 7C
and 7D).

These findings corroborate the association between LEC
neuronal ensemble activation and episodic-like memory recall,

thus reinforcing the idea that essential information regarding
past experiences is encoded within this network and is utilized
to accomplish effective memory recall.

DISCUSSION

The EC is a crucial link between the hippocampus and multisen-
sory cortical areas. It consists of two subdivisions, the lateral and
medial EC, which have been traditionally associated with
conveying contextual and spatial information, respectively, to
the hippocampus for the integration of memories.'”**"** Howev-
er, emerging evidence suggests that this conceptualization of
parallel information streams in the EC may be oversimplified as
confirmed by analysis of projection patterns into the EC.>*°
Indeed, the EC itself may play a direct role in integrating different
types of information into a cohesive experience even before they
reach the hippocampus. Several experiments have emphasized
the involvement of the LEC in episodic-like memory tasks such
as object-place-context recognition®'®¢ and odor-context as-
sociations,?! where different pieces of information need to be
combined. Nonetheless, there is still no conclusive evidence
regarding the existence of entorhinal engrams, leaving this ques-
tion partially unanswered. To assess the selective involvement of
the EC in the OPCRT task, the product of the IEG c-Fos was uti-
lized as an activity-dependent marker. The c-Fos marker has
been extensively used in previous research to identify cell popu-
lations that are recruited during specific tasks and may undergo
synaptic plasticity as a result of the experience.®”~*°

Mice subjected to the OPCRT task exhibited a higher number
of c-Fos-positive cells in the LEC compared to mice that re-
mained in their home cages. Notably, the difference between
the two experimental groups was primarily observed in the
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number of c-Fos-expressing cells rather than the individual cells’
level of c-Fos protein fluorescence intensity. However, it should
be noted that the relationship between fluorescence intensity
and protein quantity inimmunofluorescence staining is complex,
making it difficult to rule out the possibility of differences in pro-
tein expression at the single-cell level, which may have been
beyond the resolution of the technique we employed. Impor-
tantly, the increase in c-Fos cell density was specific to the
LEC, as no significant increase in c-Fos expression was
observed in either the MEC or the primary visual cortex (V1).
These findings highlight the selective recruitment of the LEC dur-
ing the OPCRT task. The c-Fos IEG has been widely employed to
identify neuronal engrams, which are neuronal ensembles that
become activated and undergo enduring changes in response
to a specific experience or memory formation process, effec-
tively serving as a memory trace.”' Therefore, one possible inter-
pretation of these results is that the selective increase in c-Fos
within an LEC neuronal ensemble after the OPCRT task may indi-
cate the presence of an episodic-like memory neuronal engram
that encodes information about the experience over time.
Alternatively, the selective recruitment of the LEC observed in
this study may reflect its role in processing local cues within the
environment during the ongoing experience, without directly
implicating it in memory processing. Previous research by Kuru-
villa et al.** demonstrated that the LEC is responsible for pro-
cessing local features, whereas the MEC is involved in process-
ing global features of the environment. In the current study, the
behavioral apparatus allowed animals to experience local cues
such as visual patterns on the arena walls, objects, boundaries,
and corners of the arena. However, global cues were absent
because the arena was isolated from the surrounding room using
a divider placed on top of the arena. Therefore, the specific
recruitment of the LEC, rather than the MEC, may be attributed
to the presence of local cues and the absence of global cues
in the experimental setup. However, it is important to note that
the processing of contextual information during the ongoing
experience and the memory storage hypothesis are not mutually
exclusive. It is plausible that the same LEC neurons recruited by
the local features of the environment during the experience may
also be involved in acquiring and storing that information for
longer periods. One key characteristic of episodic-like memory
is the automatic association of an event’s memory with the
context in which it occurs. Remarkably, LEC neurons have
been shown to be crucial in contextualizing items, such as odors
or objects, and are significantly modulated by specific combina-
tions of items, places, and contexts during the ongoing experi-
ence.>®1%71821 This associative capability has also been
observed in the hippocampus, a region where the existence of
episodic-like memory engrams has been extensively demon-
strated. Thus, the LEC emerges as an ideal candidate region
not only for the processing of episodes but also for the immedi-
ate encoding and storage of new episodic memories. The pro-
cessing of a new episodic-like memory-induced reversible
long-term changes in LEC synaptic plasticity. The mechanisms
underlying the persistent storage and retrieval of memories at
the neurobiological level are still not fully understood. However,
it is widely believed that strengthened synaptic connectivity be-
tween neurons involved in memory formation plays a crucial role
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in facilitating the reactivation of a group of neurons, known as
engram cells, during memory recall.***® The results revealed
an occlusion of LTP in the superficial layers of the LEC 12 h after
the execution of the OPCRT task, which was associated with
enhanced LTD and increased basal synaptic transmission
compared to the control and CNTX groups. These long-lasting
modifications were reversible and followed the same time course
of the OPCRT memory expression. We are aware that the
observed synaptic modifications may not solely stem from c-
Fos-expressing neurons. It is increasingly recognized that
distinct engram populations, each serving unique functions,
may be associated with the expression of different IEGs.*’
Consequently, the subset of LEC neurons affected by
episodic-like memory processing and contributing to the
observed synaptic plasticity effects with electrophysiology may
extend beyond those expressing c-Fos. However, single-cell re-
cordings in LEC layer Il learning-tagged neurons confirmed a sig-
nificant increase in synaptic strength. These results suggest that
the acquisition of a new episodic-like memory can change the
threshold for synaptic modification in the LEC circuit, at least
within the superficial layers, similarly to what has been previously
demonstrated in the lateral amygdala following fear condition-
ing*®“® and in the neocortex after learning a motor task.®' One
possible explanation for these results is that enhanced synaptic
transmission within the LEC circuitry may be crucial for reactivat-
ing the engram ensemble in the presence of natural recall cues,
allowing for successful memory recall. However, when these
plasticity changes return to baseline, the natural recall cues
may not be as effective in reactivating the memory trace, result-
ing in the loss of episodic-like memory expression at the behav-
ioral level. It is plausible to hypothesize that long-lasting forms of
plasticity serve as a mechanism for recruiting the engram,
considering that this episodic-like memory has a relatively short
duration of a maximum of 12 h. However, it is important to note
that the presence of such plasticity changes following memory
tasks does not directly establish their role in memory storage
and recall, as they could potentially contribute to other func-
tions.*® Here we show that the chemogenetic activation of LEC
learning-tagged neurons is necessary and sufficient for the recall
of episodic-like memories but not for non-associative memories.
Moreover, the same neuronal ensembile is also naturally reacti-
vated in response to recall cues. Comparing the reactivation of
learning-tagged neurons during the test trial between mice
capable of remembering associations and those that were not,
a significant increase in ensemble reactivation was observed in
the former group. Notably, reactivation levels exceeded chance
levels, indicating that a substantial portion of the engram was re-
activated even when the memory was not behaviorally ex-
pressed. However, this level of reactivation may not be sufficient
for successful memory recall.

In conclusion, this work demonstrates the recruitment of the
LEC during the OPCRT. The LEC is involved in the initial acquisi-
tion of episodic-like memories within the OPCRT paradigm, indi-
cating its contribution to integrating various sensory cues,
contextual details, and, potentially, even temporal information.
This integration process is fundamental for creating coherent
and meaningful memory representations. The activation of the
LEC during the OPCRT supports the idea that it is specifically
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engaged in the early stages of memory encoding, where the
binding of different elements of an experience occurs.

Limitations of the study

While itis true that including both male and female mice could
provide valuable insights into potential sex differences in
episodic memory formation and recall, the primary objective of
our research was to characterize the specific role of the EC in
episodic memory and to demonstrate the existence of neuronal
assemblies in this region displaying engram-like features. We
opted to use male mice to reduce the potential confounding vari-
ables related to the use of female mice, such as hormonal
fluctuation.

It is also essential to underline that chemogenetic and optoge-
netic techniques have limitations in replicating the natural
patterns of neural activity during experiences and recall, as the
inactivation and activation they induce are artificial.”” Moreover,
further investigations are necessary to characterize the cell types
and the intrinsic circuits within the LEC involved in episodic-like
memory recall. Existing evidence suggests that a specific sub-
population of superficial layer cells in the LEC, known as fan
cells, plays a crucial role in the acquisition of episodic-like mem-
ory.® Therefore, it can be speculated that fan cells are part of the
LEC engram ensemble. Nevertheless, the precise composition
of the engram remains unknown. Exploring how different func-
tional populations of LEC cells converge and coordinate to
define an episode would be an intriguing direction for future
research.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Rabbit monoclonal anti-cFos
Rat monoclonal anti-mCherry

Synaptic Systems
ThermoFisher Scientific

cat# 226 008; RRID: AB_2891278
cat# M11217; RRID: AB_2536611

Donkey polyclonal anti-Rabbit Alexa Fluor 488 Jackson Immunoresearch cat. no. 711-545-152; RRID: AB_2313584

Goat polyclonal anti-Rat Alexa Fluor 568 Jackson Immunoresearch cat# A11077; RRID:AB_2534121

Bacterial and virus strains

AAV-Fos:CreER™ Matos et al.”’ N/A
AAV1/2-hSyn1:DIO-hM3Dg-mCherry UZH-VVF v89-1
AAV5/2-hSyn1:DIO-hM4Di-mCherry UZH-VVF v84-5
AAV1/2-hSyn1:DIO-mCherry UZH-VVF v116-1
Chemicals, peptides, and recombinant proteins

4-Hydroxytamoxifen Sigma-Aldrich H6278
Clozapine N-oxide hydrochloride Merck cat. no. 34233-7
Experimental models: organisms/strains

Mouse: C57BL/6J Charles River N/A

Software and algorithms

Python version 3.8

MATLAB

Prism 8

ImagedJ

Cell counting algorithm
Behavioral classifier algorithm

Python Software Foundation
MathWorks
GraphPad

Schneider et a
|.53

|52

Cicconet et a
Custom code Tozzi F.

https://www.python.org/
https://kr.mathworks.com/
https://www.graphpad.com/

https://imagej.net/
https://www.biorxiv.org/content/10.1101/781880v1
Zenodo: https://doi.org/10.5281/zenodo.13369258

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All experimental procedures involving animals followed the guidelines defined by the European legislation (Directive 2010/63/EU),
and the Italian Legislation (LD no. 26/2014). The Organism Responsible for Animal Welfare (OPBA) of the National Research
Council of Italy (CNR) Institute of Neuroscience in Pisa and the ltalian Ministry of Health approved the study protocol (authorization
n. 16/2022-PR).

Male wild-type C57BL/6J mice were housed in conventional cages (365 x 207 x 140 mm, 2-3 animals per cage) with nesting ma-
terial on a 12-h light/dark cycle with food and water available ad libitum. Behavioral experiments were performed on 3-month-old
male mice during the light phase and mice were randomly assigned to experimental groups. To control for order and cage effects,
each cage contained a mixture of mice from the experimental and control groups.

METHOD DETAILS

AAV vectors and stereotaxic injections

AAV-FosCreERT?2 (titer: 1.2x10"®) and Cre-dependent AAVs AAV-hSynDIO-hM3Dg-mCherry, AAV-hSynDIO-hM4Di-mCherry and
AAV-hSynDIO-mCherry (titers: 5.0-6.0x10'%) were packaged as serotype 5 virus. The AAV-FosCreERT2 vector was obtained
from Matos et al.,”® while the Cre-dependent AAVs AAV-hSynDIO-hM3Dg-mCherry, AAV-hSynDIO-hM4Di-mCherry, and AAV-
hSynDIO-mCherry vectors were purchased from the UZH viral vector facility (Zurich, Switzerland).

For stereotaxic injections, 2-month-old male C57BL/6J mice were deeply anesthetized using an intraperitoneal injection of Zoletil
100 (zolazepam and tiletamine, 1:1, 40 mg/kg; Laboratoire Virbac) and Xilor (xilazine 2%, 10 mg/kg; Bio98). After the tail pinch reflex
disappearance, mice were positioned in the stereotaxic apparatus. Lidocaine (2%) was topically applied to the skull to provide local
analgesia. The scalp was shaved and a midline incision was made. A bilateral craniotomy was performed at the stereotaxic coordi-
nates targeting the LEC (AP -4.0 mm, ML = 4.0 mm from bregma, measured on the skull surface). A glass pipette was lowered from
the brain’s surface at an 11° angle until a slight bend in the pipette indicated contact with the dura as described by Vandrey et al.® The
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pipette was retracted 0.1 mm and 125 nL of a virus mixture of AAV-FosCreERT2 and Cre-dependent AAV (ratio 1:500, AAV-
FosCreERT?2 at a final titer of 2.4x10'%) was injected. Then, the pipette was retracted again by 0.1 mm and an additional 125 nL
of the virus mixture was injected, for a total of 250 nL. This approach minimized the likelihood of the spread of the virus into adjacent
cortical structures. For all injections, the pipette was slowly retracted after a stationary period of 5 min. Then, the scalp was sutured
and the mouse was brought back to its cage for recovery. Animals remained in their home cage for 3 weeks until the start of behav-
ioral experiments.

Behavioral apparatus

The test environment was composed of two square boxes (length 40 cm, width 40 cm, height 40 cm) with different visual cues on the
walls to provide distinct contexts. Context A had gray walls and context B had four different visual cues on the four walls: black and
white vertical stripes, black triangles on a white background, black and white horizontal stripes, and black circles on a white back-
ground. The wall and floor of the environment were cleaned with 30% alcohol before each trial. Objects were household items of
approximately the same size as the mouse and varying in color, shape, and texture. To avoid odor cues, new identical copies of
each object were used for each trial, and objects were cleaned with 30% alcohol after each ftrial.

Behavioral tasks

For the behavioral tests, 3-month-old C57BL/6J mice were habituated to the experimenter by extensive handling for one week before
the experiments. The performance of specific tasks that included the novel location test (NLT) and the novel object-place-context
recognition test (OPCRT) was always preceded by the open field test to control locomotion and anxious behavior in the same arena
used for behavioral testing.

During the behavioral tasks, object exploration was monitored via an overhead camera. For all sample and test trials, mice were
allowed to explore the environment freely for 3 min. If the animals did not meet the minimum exploration time of 20 s for both objects,
the scoring was continued past 3 min for a maximum of 10 min until total exploration reached 20 s.>* Between the two sample trials,
mice were removed to a holding cage for approximately 1 min while the next environment was configured for the subsequent trial. The
test trial was instead performed either 1 h, 6 h, 12 h, or 48 h after the sample trials presentation for the OPCRT, and 12 h for the NLT.
For each task, the novel object at the test, the context, and the quadrants where the novel object or configuration occurred were
counterbalanced across animals and experimental conditions.

Open field. Before the execution of the memory tasks, mice were allowed to explore for 5 min the same context in which they were
given the same trial of the subsequent behavioral test. A custom-made Python pipeline was used to automatically compute the total
ambulatory distance as well as the amount of time spent in the outer zones versus inner zones (24 cm X 24 cm).

Novel location test. During the sample trials, mice were exposed to two copies of an object in a given context. Then, the mice were
removed from the box and brought back into their home cages for 12h before the presentation of the test trial. In the test trial, one of
the two objects was moved to a novel location (novel location) while the other was kept in the same location as the sample trial
(familiar location) and the context remained the same.

Novel object-place-context recognition test. In the OPCRT, in the first sample trial mice were presented with two different novel
objects in context A or B. After the first sample trial, mice were removed from the box and placed in a holding cage for a 1-min
inter-trial interval (i.t.i.) while the box was cleaned. In the second sample trial, mice were presented with the same objects in
opposite locations in different contexts. In the test trial, mice were presented with two copies of one of the objects within the
same context used in the first sample trial. At the test, one copy of the object is in a novel location for the test context (novel OPC
configuration), whereas the other copy is in a familiar location for the test context (familiar OPC configuration). As a behavioral
control (without novelty) a different group of mice(OCT group) explored two identical objects in context A or B. In the second
sample ftrial, after a 1-min inter-trial interval, mice were presented with the same pair of objects in the same positions but in a
different context. In the test trial, mice were presented with the same pair of objects from the sample trials in the context used in
the first sample trial.

Contexts exposure. As a control in electrophysiology experiments, mice of the CNTX group were allowed to explore a sequence of
A-B-A or B-A-B empty contexts for 5 min each. Between each context exploration, mice were removed from the box and placed in a
holding cage for 1-min i.t.i., while the box was cleaned.

Animal tracking. Behavioral videos were recorded using an AUKEY webcam 1080p full HD camera and were then analyzed offline.
Different mouse body regions, namely the nose, the two ears, the back of the animal, the middle portion, and the tip of the tail labeled
using the open-source tool DeepLabCut® for markerless pose estimation. For this purpose, 460 frames extracted from 23 videos
were manually labeled and used to train the DeeplLabCut ResNet50 network for 103000 iterations, obtaining a high-fidelity
tracking of the selected body parts. The animal tracking allowed to automate of the calculation of the animal speed, the total
traveled distances, and the time spent in different regions of the arena (center/periphery) in the open field test, the novel location
test, and in the novel object-place-context recognition test. Moreover, the tracking results were also used to automatically
calculate the discrimination index of the animals during the memory test by combining pose estimation with a machine learning
algorithm.

Behavioral scoring. In order to obtain a reproducible and efficient scoring of the behavioral tests, a random forest classifier was
trained to discriminate between epochs of object exploration and epochs of no exploration by using the distances of the tracked
body parts from the two objects (custom code available at Zenodo: https://doi.org/10.5281/zenodo.13369258). This approach
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allowed us to automatically detect the time spent by the animal exploring either the novel or the familiar object and calculate the cor-
responding discrimination index. To train the classifier, 156414 frames from 16 videos were manually labeled as “exploration” or “no
exploration”, the results of the classifier were compared with the traditional scoring using a stopwatch and the frame-by-frame
manual scoring as the ground truth.

To determine the relative exploration of novel and familiar configurations, the time spent exploring the familiar and novel objects
was converted into a discrimination index (D) according to the formula:

DI = TNovel - Tfamiliar / TNoveI +Tfamiliar

4-Hydroxytamoxifen treatment

40H-TAM (H6278, Sigma-Aldrich) was injected into an aqueous solution. A 50 mg/mL stock of 4OH-TAM in DMSO (D8418, Sigma-
Aldrich) was realized and maintained at —20°C. On the day of the experiment, a final solution of 4OH-TAM 2.5 mg/mL was obtained in
two steps: first, diluting the stock solution 1:10 in saline containing 2% Tween80 (P1754, Sigma-Aldrich) and then adding a volume of
saline. The final solution contained 2.5 mg/mL of 40H-TAM, 5% DMSO, and 1% Tween80 in saline. Mice received 40H-TAM (25 mg
per Kg, i.p.) 4h before the sample trials.? To reduce the stress from i.p. injections, mice were anesthetized shortly using isofluorane
(8%) and were injected while unconscious.

Chemogenetic intervention
Clozapine N-oxide hydrochloride (CNO; cat. no. 34233-7, Merck) was dissolved in sterile saline. For behavioral experiments, mice
received 3 mg per kg (i.p.) CNO 30 min before each test session.

Immunohistochemistry

Mice were deeply anesthetized using urethane (Merck, 20% solution, 0.1 mL/100 g body weight) and perfused with an intracardiac
infusion with PBS pH 7.4, followed by 4% paraformaldehyde (PFA) in PBS pH 7.4. Brains were removed, post-fixed for 24h in
4% PFA (w/vol) solution, and then immersed in 30% sucrose (w/vol) in PBS. Brains were then sliced into 50 um coronal sections using
a freezing microtome (Leica) and free-floating sections were processed for immunofluorescence.

The cortical sections were incubated for 2h in a blocking solution at 22°C-24°C containing 5% BSA (w/vol) and 0.5% Triton X-100
(v/v) in PBS, and incubated overnight at 4°C with anti-cFos monoclonal antibody (cat. no. 226 008, Synaptic Systems) diluted 1:1000
and anti-mCherry monoclonal antibody (cat. no. M11217, ThermoFisher Scientific) diluted 1:1000 in PBS with 1% BSA (w/vol) and
0.1% Triton X-100 (v/v). Sections were then washed with PBS and incubated for 2h at 22°C-24°C with Alexa Fluor 488-conjugated
secondary antibody (cat. no. 711-545-152, Jackson Immunoresearch) and Alexa Fluor 568-conjugated secondary antibody (cat. no.
A11077, ThermoFisher Scientific) added at a dilution of 1:300 in the same solution as the primary antibody. Sections were then
washed 3 times with PBS and mounted on slides, then they were air-dried and coverslipped with FluoromountTM aqueous mounting
medium (cat. no. F4680, Merck). Imaging was performed on an Axio Imager Z2 microscope (Carl Zeiss) and multichannel images
were produced with ApoTome 2 using an EC Plan-NEOFLUAR 10x/0.3 objective. Images were processed using ImageJ
(NIH, USA) to split channels, adjust brightness/contrast, and perform z-projection (maximum intensity).
cFos and mCherry quantification
The cFos+ cell detection was performed using a modified version of the puncta-detecting algorithm described in Cicconet et al.>®
followed by manual refinement of the detection results. Several parameters in the pipeline were optimized to process the experi-
mental brain slices. To detect individual cFos+ nuclei via Laplacian of Gaussian filtering of the image, the local maxima that corre-
sponded to cfos puncta were found and distinguished from the local maxima in the background. For the analysis, the software pa-
rameters were set to: background threshold: 10, sigma: 3.5, and circularity threshold:0.3. The detection results were then supervised
by an operator and eventually modified to correct for inaccuracies. The density of cFos+ cells (cFos+/mm2) was averaged over 6-10
sections per animal. For the mCherry+ cell detection, cell counting was manually performed by an operator blind to the experimental
conditions, when possible, and the mCherry+ cell density (mCherry+/mmz2) was averaged over 4-6 sections per animal. The LEC and
MEC regions of interest (ROIls) were manually outlined, using Imaged, based on the mouse brain atlas (Paxinos and Franklin’s The
Mouse Brain in Stereotaxic Coordinates).

To analyze the overlap between cFos and mCherry-expressing cells, the percentage of overlap was calculated as the number of
cFos+, mCherry+ double-positive cells divided by the average number of dapi+ cells. The chance level of overlap was calculated as
the product between the number of cFos+ positive and mCherry+ cells, divided by the average number of dapi+ cells. The average
number of dapi+ cells was obtained by averaging the number of dapi+ nuclei in 6-9 LEC sections obtained from 7 animals.

In-vitro electrophysiology

Electrophysiology was performed as in Origlia et al.,.°® Mice were anesthetized with urethane i.p. injections (20% sol (w/vol),
0.1 mL/100 g of body weight) and decapitated. Horizontal EC-hippocampal slices (400 pm of thickness) were produced using a vi-
bratome (Leica VT1200S). All steps were performed in ice-cold oxygenated artificial cerebrospinal fluid (ACSF) containing the
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following (in mM): 119 NaCl, 2 CaCl2, 1.2 MgS04, 1 NaH2P0O4, 6.2 NaHCO3, 10 HEPES, 11 glucose. Slices were then transferred to a
chamber and perfused at a 2-3 mL/min rate. Field excitatory postsynaptic potentials (fEPSPs) were evoked by a concentric bipolar
stimulating electrode and recorded in the II/1ll layers of EC.

Basal recordings were carried out using stimulus intensity evoking a response whose amplitude was 50-60% of the maximal
amplitude. After 10 min of stable baseline, long-term potentiation (LTP) or long-term depression (LTD) was induced using either
high-frequency stimulation (HFS, three trains of 100 pulses at 100 Hz, 10 s interval) or low-frequency stimulation (LFS, 900 paired
pulses at 1 Hz, the interval between paired pulses was 30 ms). After HFS or LFS, fEPSPs were monitored every 20 s for at least
60 min or 40 min respectively. The magnitude of LTP or LTD was calculated as the average of the relative amplitudes (compared
to baseline) of fEPSPs recorded in the last 10 min. Values were expressed as percentage changes relative to the baseline. Whole
cell patch-clamp recordings were performed as previously described®”°® on visually identified EC layer Il neurons. Cells were visu-
alized under DIC illumination, using a 63 X immersion objective (Zeiss). A multiclamp 700A amplifier (Molecular Devices) and a 1550B
Digidata (Molecular Devices) were used to acquire electrophysiological recordings with pClamp 10.7 software (Molecular Devices).
Holding potential was set at — 70 mV for spontaneous excitatory postsynaptic currents recording (see Figure S2).

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are reported as mean + SEM. Statistical analysis was performed with GraphPad Prism 8 software (GraphPad Software, San
Diego, CA). The Shapiro-Wilk test for normality was used to determine if the data were normally distributed. For electrophysiological
experiments statistical comparisons between experimental groups were performed by applying a two-way repeated-measures
ANOVA with pairwise multiple comparison procedure (Holm-Sidak method, unless otherwise stated). For behavioral experiments,
aone-way ANOVA or an unpaired t test were applied to determine differences in average discrimination indices and exploration rates
between groups. One-sample t test was used to determine whether the average discrimination index for each group was different
from chance (hypothesized mean = 0). A two-way ANOVA was applied for the evaluation of differences in c-fos cell density or sin-
gle-cell mean fluorescence intensity. Kruskal-Wallis was used to determine differences in the discrimination indices among different
time points in the analysis of the time course of episodic-like memory. All of the statistical details of experiments can be found in the
figure legends.
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